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ABSTRACT: Prostaglandin H2 (PGH2) formed from arachidonic acid is an unstable intermediate and is
efficiently converted into more stable arachidonate metabolites (PGD2, PGE2, and PGF2) by the action of
three groups of enzymes. Prostaglandin F synthase (PGFS) was first purified from bovine lung and catalyzes
the formation of 9R,11â-PGF2 from PGD2 and PGF2R from PGH2 in the presence of NADPH. Human
PGFS is 3R-hydroxysteroid dehydrogenase (3R-HSD) type II and has PGFS activity and 3R-HSD activity.
Human lung PGFS has been crystallized with the cofactor NADP+ and the substrate PGD2, and with the
cofactor NADPH and the inhibitor rutin. These complex structures have been determined at 1.69 Å
resolution. PGFS has an (R/â)8 barrel structure. The cofactor and substrate or inhibitor bind in a cavity
at the C-terminal end of the barrel. The cofactor binds deeply in the cavity and has extensive interactions
with PGFS through hydrogen bonds, whereas the substrate (PGD2) is located above the bound cofactor
and has little interaction with PGFS. Despite being largely structurally different from PGD2, rutin is located
at the same site of PGD2, and its catechol and rhamnose moieties are involved in hydrogen bonds with
PGFS. The catalytic site of PGFS contains the conserved Y55 and H117 residues. The carbonyl O11 of
PGD2 and the hydroxyl O13 of rutin are involved in hydrogen bonds with Y55 and H117. The cyclopentane
ring of PGD2 and the phenyl ring of rutin face there-side of the nicotinamide ring of the cofactor. On the
basis of the catalytic geometry, a direct hydride transfer from NADPH to PGD2 would be a reasonable
catalytic mechanism. The hydride transfer is facilitated by protonation of carbonyl O11 of PGD2 from
either H117 (at low pH) or Y55 (at high pH). Since the substrate binding cavity of PGFS is relatively
large in comparison with those of AKR1C1 and AKR1C2, PGFS (AKR1C3) could catalyze the reduction
and/or oxidation reactions of various compounds over a relatively wide pH range.

Prostaglandins (PGs) are ubiquitously distributed in virtu-
ally all mammalian tissues and organs and have numerous
and diverse biological effects on a variety of physiological
and pathological activities such as smooth muscle contrac-
tion, inflammation, and blood clotting. In humans, the most
important prostaglandin precursor is arachidonic acid, a C20

polyunsaturated fatty acid that has nonconjugated double
bonds. PGs synthesized from arachidonic acid have the
subscript 2 (the “series-2” PGs), such as PGD2,1 PGF2, and
PGH2. PGH2 is an unstable intermediate formed from PGG2

by the action of PGH2 hydroperoxidase in the arachidonate
cascade. In mammalian systems, PGH2 is efficiently con-
verted into more stable arachidonate metabolites, such as
PGD2, PGE2, and PGF2, by the action of three groups of
enzymes (1).

F series PGs are widely distributed in various organs of
mammals (2, 3) and exhibit a variety of biological activities,
including contraction of pulmonary arteries (4-7). Three
different biosynthetic pathways have been described for the
formation of PGF2: synthesis from PGD2 by PGD2 11-
ketoreductase (8, 9), from PGE2 by PGE2 9-ketoreductase
(10, 11), and from PGH2 by PGH2 9,11-endoperoxide
reductase (12-15).

PGFS (EC 1.1.1.188) was first purified from bovine lung
(15). It catalyzes the formation of 9R,11â-PGF2 from PGD2

(PGD2 11-ketoreductase activity) in the presence of NADPH
(16) as shown Figure 1A. It has been reported that this
enzyme also catalyzes the formation of PGF2R from PGH2

(PGH2 9,11-endoperoxide reductase activity). However, this
enzyme does not catalyze the reduction of PGE2 (16).
Interestingly, this enzyme exhibits reductase activities toward
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various carbonyl compounds, such as 9,10-phenanthrene
quinone (PQ), nitrobenzaldehyde, and nitroacetophenone
(16). Although the PGD2 11-ketoreductase activity is com-
petitively inhibited by PQ, PGH2 9,11-endoperoxide reduc-
tase activity is not inhibited by PGD2 or PQ (15). PGFS
belongs to the aldo-keto hydroxysteroid reductase family
based on substrate specificity, molecular weight, and amino
acid sequence (17, 18).

In human liver, 3R-HSD with dihydrodiol dehydrogenase
activity exists in multiple forms (19, 20), and four types of
cDNAs for the enzymes have been cloned (21-24). The 3R-
HSD isoforms have sequences that are 83-98% identical,
belong to the AKR superfamily, and have been systematically
named AKR1C1-AKR1C4 (25). AKR1C3 has been desig-
nated as 3R-HSD type 2 (24). A cDNA (GenBank entry
D17793) that is more than 99% homologous with AKR1C3
cDNA has been cloned from human myeloblasts (26).
Although this enzyme differs in two amino acid at positions
75 (Lys vs Met) and 175 (Met vs Glu) from the original
AKR1C3, the catalytic property is exactly the same (26).
Furthermore, this new enzyme and the original AKR1C3
have not only the AKR1C3 activity but also the PGD2 11-
ketoreductase activity found in the bovine lung and liver (26).
It was found that this enzyme has the same amino acid
sequence as PGFS isolated from human lung by using cDNA
of bovine lung-type PGFS as a probe (27). The NIH
Mammalian Gene Collection Program Team has confirmed
that PGFS is AKR1C3 (28). Human lung PGFS catalyzes
the reduction (PGD2 f 9R,11â-PGF2) at low pH and the
oxidation (9R,11â-PGF2 f PGD2) at high pH (26, 27). The
product, 9R,11â-PGF2, has been reported to exhibit various
biological activities (29-32), and its levels are increased in
bronchoalveolar lavage fluid, plasma, and urine in patients
with mastocytosis (29) and bronchial asthma (33-35).

Rutin shown in Figure 1B is one of the most commonly
found flavonol glycosides identified as vitamin P with
quercetin and hesperidin and is widely present in many
plants, especially the buckwheat plant. Rutin has been
reported to have clinically relevant functions. It was estab-
lished that rutin antagonizes the increase in capillary fragility
associated with hemorrhagic diseases, reduces high blood
pressure (36, 37), decreases the permeability of vessels, has
an antiedema effect, reduces the risk of arteriosclerosis (38),

and exhibits antioxidant activity (39). Quercitrin (a part of
rutin) exhibits antibacterial effects and protects against
naftodianthron phototoxicity (40, 41). Rutin is also known
as an AKR inhibitor (42-44). Indeed, rutin inhibits bovine
PGFS activity by 50% (IC50) at 70µM (45). However, the
mechanism of inhibition is unknown.

Here we report crystal structures of human lung PGFS
ternary complexes, PGFS-(NADP++PGD2) and PGFS-
(NADPH+rutin). On the basis of the structures, we propose
a detailed catalytic mechanism of PGFS and an inhibitory
mechanism of rutin, and describe the similarities and
differences among PGFS (AKR1C3), AKR1C1, and AKR1C2.

EXPERIMENTAL PROCEDURES

Crystallization. Human lung PGFS was purified from
Escherichia coliHB101 harboring the pUC-hLuFS plasmids
encoding the human lung PGFS sequences. The enzyme was
purified to electrophoretic homogeneity using methods
previously described (27). The hanging drop method of vapor
diffusion was employed for crystallization of the enzymes.
PGD2 and rutin were dissolved in DMSO and added to the
crystallization solution. Thick plate-shaped crystals of PGFS-
(NADP++PGD2) and PGFS-(NADPH+rutin) suitable for
X-ray diffraction studies were grown in a solution containing
1.4 mM PGD2 or rutin, 1.2 mM NADP+ and NADPH, 50
mM MES buffer (pH 6.0), and 25% (w/v) PEG 8000 with a
protein concentration of 20 mg/mL at 4°C. The crystals were
grown for 2-3 days. The crystals of PGFS-(NADPH+rutin)
were yellowish, whereas those of PGFS-(NADP++PGD2)
were colorless.

Data Measurement.Diffraction data were collected from
cryocooled crystals on beamline 19BM at the Advanced
Photon Source (APS) of the Argonne National Laboratory
(Argonne, IL). The crystals (∼0.3 mm× 0.2 mm× 0.1 mm)
diffract up to 1.6 Å, and five data sets of PGFS-
(NADP++PGD2) and three data sets of PGFS-(NADPH
+rutin) were collected at 1.69 Å resolution. The data were
processed with the program DENZO/SCALEPACK (46), and
averaged to obtain one complete data set of PGFS-
(NADP++PGD2) and one complete data set of PGFS-
(NADPH+rutin). Data statistics are given in Table 1.

Crystal Structure Determination.The deduced unit cell
dimensions of PGFS-(NANP++PGD2) and PGFS-

FIGURE 1: Chemical formulas of (A) PGD2 and 9R,11â-PGF2 and (B) rutin.

Crystal Structure of Human Prostaglandin F Synthase Biochemistry, Vol. 43, No. 8, 20042189



(NADPH+rutin) indicate that these crystals are isomorphous
with respect to each other. The unit cell dimensions and space
group (P1) indicate that the unit cell contains two complexes.
The crystal structure of the PGFS-(NADP++PGD2) com-
plex was initially determined by a molecular replacement
procedure using a poly-Ser model of 3R-HSD type 3 (PDB
entry 1AFS). The side chains of the polypeptide chain were
built in 2Fo - Fc maps. The model was refined by the
simulated annealing procedures of X-PLOR (47). The 2Fo

- Fc andFo - Fc maps showed two large significant residual
electron density peaks in each active site (Figure 2). A
NADP+ molecule was built in one of the residual electron
density peaks. The other residual electron density peak was
relatively weak and assigned to PGD2. The PGD2 molecule
has an approximately 2-fold symmetry (i.e., a cyclopentane
ring head and two tails), so a PGD2 molecule was fitted into
the residual electron density in two ways (i.e., either the
hydroxyl O9 or the carbonyl O11 enters the catalytic site).
Both models were refined with the simulated annealing
procedures of X-PLOR. TheR and Rfree values of both
models were the same, indicating that it is impossible to
determine the orientation of the PGD2 molecule by this X-ray
study. On the basis of the catalytic reaction, the model with
the carbonyl O11 entering the catalytic site was selected as
the correct orientation model. Since the temperature factors
of PGD2 were much higher than those of the protein, the
occupancy factors were set to 0.5. Other well-defined residual
peaks were assigned to water molecules. Water molecules
having temperature factors higher than 25 Å2 had their
occupancy factors reduced until their temperature factors
were ∼25 Å2. Water molecules with occupancy factors
higher than 0.33 were included in the final refinement. Two
complexes were refined independently with all data (noσ
cutoff) at 1.69 Å resolution.

Since the crystal of PGFS-(NADPH+rutin) had a yel-
lowish color, a rutin molecule-bound PGFS was expected.
The 2Fo - Fc andFo - Fc maps showed two well-defined

residual electron density peaks corresponding to NADPH and
rutin. The NADPH was at the NADP+ binding site seen in
the PGFS-(NADP++PGD2) structure. A well-defined re-
sidual electron density peak corresponding to rutin showed
clearly the shape and orientation of a rutin molecule. NADPH
and rutin were fitted into the residual electron density peaks,
and the complex structure was refined with the same
procedure applied to the PGFS-(NADP++PGD2) structure.

RESULTS

OVerall Structure.The crystallographic refinement pa-
rameters (Table 1), final 2Fo - Fc maps, and conformational
analysis by PROCHECK (48) indicate that the crystal
structures of the PGFS-(NADP++PGD2) and PGFS-
(NADPH+rutin) complexes have been determined success-
fully. The two complexes are isomorphous with respect to
each other. Each crystal structure contains two independent
PGFS complexes in the unit cell, but there is neither specific
symmetry nor strong interaction between the two complexes
in each unit cell. The two complexes are nearly identical
with a maximum rmsd of 0.35 Å.

As shown in Figure 3, the protein structure of PGFS
displays the characteristic fold of the AKR superfamily (49),
an (R/â)8 barrel with three associated large loops (Figure
3). Theâ-strands (â1-â8) form the cylindrical core of the
barrel and are surrounded byR-helices (R1-R8), while the
accompanying loops (loop 4, loop 7, and loop 9) partially
cover the C-terminal end of the barrel. In addition to the
(R/â)8 core structure, there are twoâ-strands (B1 and B2)
from the N-terminus sealing the N-terminal end of the barrel
and twoR-helices (H1 and H2) from the C-terminal part of
the molecule packed by the side of the barrel. These
additional â-strands andR-helices are conserved in other
AKR structures (49). The topology of the polypeptide is
∼B1(7-9)-B2(15-17)-â1(19-22)-(loop 1)-R1(32-44)-â2-
(48-50)-(loop 2)-R2(58-70)-â3(80-85)-(loop 3)-R3(92-
106)-â4(113-116)-(loop 4)-R4(144-156)-â5(162-166)-

Table 1: Crystallographic Statisticsa

PGFS-(NADP++PGD2) PGSF-(NADPH+rutin)

unit cell a ) 46.97 Å,b ) 49.18 Å,c ) 83.52 Å,
R ) 73.8°, â ) 85.9°, γ ) 69.8°

a ) 47.06 Å,b ) 49.37 Å,c ) 83.59 Å,
R ) 73.9°, â ) 86.3°, γ ) 69.9°

resolution (Å) 1.69 1.69
total no. of observations 345615 213639
no. of unique reflections 74430 72690
completeness (%) 95.8 (75.1) 92.9 (90.2)
Rsym (%) (outer shell)b,c 0.035 (0.183) 0.030 (0.158)
no. of protein non-hydrogen atoms 5126 5126
cofactor 2 NADP+ 2 NADPH
substrate/inhibitor ∼1 PGD2 2 rutin
no. of solvent molecules (H2O) 384 507
resolution range (Å) 10-1.69 10-1.69
total no. of reflections used inRcryst 66283 65156
total no. of reflections used inRfree 7365 7240
Rcryst (outer shell)c,d 0.208 (0.375) 0.205 (0.367)
Rfree (outer shell)c 0.248 (0.396) 0.249 (0.400)
rmsd for bond distances (Å) 0.006 0.007
rmsd for bond angles (deg) 1.2 1.2
rmsd for torsion angles (deg) 25.8 25.0
most favored region (%)

of the Ramachandran plot
90.4 91.6

additional allowed region (%)
of the Ramachandran plot

9.3 7.9

a Space groupP1; Mr of subunit of 35 530; two complexes in the unit cell;VM ) 2.45 Å3; 50% solvent content.b Rsym ) ∑h∑i|Ihi - 〈Ih〉|/∑h∑i|Ihi|.
c Outer shell of 1.69-1.77 Å resolution.d Rcryst ) ∑|Fo - Fc|/∑|Fo|.
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(loop 5)-R5(170-177)-â6(188-192)-(loop 6)-R6(200-208)-
â7(212-216)-(loop 7)-R7(239-248)-H1(252-262)-â8(266-
270)-(loop 8)-R8(274-284)-H2(290-297)-(loop 9). The
cofactor and substrate or inhibitor bind in a cavity at the
C-terminal end of the barrel.

Cofactor (NADP+ or NADPH) in the ActiVe Site.Figure
4 shows the possible hydrogen bonds between the cofactor
and PGFS. Since both NADP+ in PGFS-(NADP++PGD2)
and NADPH in PGFS-(NADPH+rutin) bind the same site
and have the same hydrogen bonding scheme, “NADP”
represents both NADP+ and NADPH in this paper. NADP
is located in a deep cavity at the C-terminal end of the barrel
and extends across the barrel closer to the core. The bound
NADP interacts with amino acid residues in the loops
connectingâ-strands andR-helices. The nicotinamide moiety
is located within the enzyme near the center of the barrel,
while the adenine moiety is exposed on the outer surface of
the protein. The adenine ring interacts with Q279 and N280
in helix R8 and a water (W231). The phosphate attached to
O2′ of adenosine is heavily involved in hydrogen bonding
with L270, S271, Y272, and R276 in loop 8. The diphosphate
group participates in hydrogen bonds with S217, L219, S221,
and Q222 in loop 7 and K270 in loop 8. The ribose O2′ and
O3′ of the nicotinamide nucleotide moiety is involved in
hydrogen bonds with Y24 in loop 1 and D50 in loop 2,
respectively. The nicotinamide ring is recognized by three

hydrogen bonds with S166 and N167 in loop 5 and Q190 in
loop 6 and a stacking interaction with the phenyl ring of
Y216 in loop 7. The characteristic “safety-belt” hydrogen
bond (50-52) over the bound NADP is seen between Q222
and K270.

PGD2 in the ActiVe Site.As shown in Figure 1, PGD2 is
composed of a head (cyclopentane ring) and two tails. The
X-ray refinement suggested that the occupancy of PGD2 in
the PGFS complex is less than 50%, and 2Fo - Fc maps
showed some disorder in the two tail sections (Figure 2A).
A PGD2 is located above the bound NADP+ and is
surrounded by loops 1, 2, 4, 7, and 9. The cyclopentane ring
(head) is deep within the active site cavity, whereas the two
tail sections are far from the active site and interact little
with PGFS. As shown in Figure 5A, the carbonyl O11

participates in hydrogen bonds with OH[Y55] and NE2[H117].
ND1 of H117 is involved in a hydrogen bond with a water in
a water channel, while OH of Y55 participates in a hydrogen
bonding chain (NE2[H117]‚‚‚O11[PGD2]‚‚‚OH[Y55]‚‚‚NZ-
[K84]‚‚‚OD1[D50]). The cyclopentane ring is nearly parallel
to the nicotinamide ring of NADP+ and faces there-side of
the ring. The distance between C11 of PGD2 and C4 of
NADP+ is 3.6 Å, suggesting that thepro-RH4 can be directly
transferred from NADPH to C11 of PGD2 to produce 9R,-
11â-PGF2. Neither the hydroxyl groups (O9 and O15) nor
the carboxyl group (C1) is involved in hydrogen bonding

FIGURE 2: Final 2Fo - Fc maps showing electron density peaks of PGD2 and rutin: (A) slightly disordered PGD2 at a contour level of 1σ
and (B) well-defined rutin at a contour level 1.25σ.
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with PGFS. Unlike that with the bound NADP+, there is
little polar interaction between PGD2 and PGFS.

Rutin in the ActiVe Site.As shown in Figure 1, rutin is
composed of quercetin (catechol and dihydroxychromone),

D-glucose, andL-rhamnose, and is a relatively large molecule
compared to PGD2. A well-defined rutin molecule is found
in the active site of PGFS (Figure 2B). A rutin molecule
sits in a relatively large hydrophobic pocket composed of

FIGURE 3: Ribbon drawings of the PGFS complexes: (A) side view of PGFS-(NADP++PGD2), (B) top view of PGFS-(NADP++PGD2),
(C) side view of PGFS-(NADPH+rutin), and (D) top view of PGFS-(NADPH+rutin). TheR-helices andâ-strands in theR/â base are
colored aquamarine and magenta, respectively. The loops are shown in yellow and labeled with numbers. The bound NADP+/NADPH and
PGD2/rutin are colored cyan and light pink, respectively.
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amino acid residues mainly in three large loops (loop 4, loop
7, and loop 9). Rutin forms a rough “U” shape at the active
site cavity. The catechol and rhamnose moieties at either tip
of the U are deep within the cavity, whereas the dihydroxy-
chromone and glucose moieties are outside the cavity and
have fewer interactions with PGFS. The catechol moiety is
nearly stacked on the nicotinamide ring of NADPH. As
shown in Figure 5B, the hydroxyl group of the catechol O13

is involved in hydrogen bonds with OH of Y55 and NE2 of
H117 as was observed for the carbonyl O11 of PGD2. The
hydroxyl group O12 also participates in a hydrogen bond with

OH of Y55 which forms a hydrogen bond with NZ of K84.
Therefore, OH of Y55 forms hydrogen bonds with O12, O13,
and NZ in a trigonal fashion. NZ of Lys84 is also involved
in trigonal hydrogen bonds with OD1 of D50, O of S51, and
OH of Y55. The hydroxyl groups, O2′ and O3′, of rhamnose
are involved in hydrogen bonds with Y216 and the carbamoyl
group of nicotinamide of the bound NADPH, respectively.
The hydroxyl group O4 of the quercetin moiety participates
in a hydrogen bond with the indole ring of W227 in loop 7.
Carbonyl O3 is involved in the two intra-hydrogen bonds
with O4 and O2′ of the glucose moiety.

FIGURE 4: Active site geometry. Thin lines illustrate possible hydrogen bonds among NADP+/NADPH (aquamarine), PGD2/rutin (magenta),
and protein (white). Loops are illustrated with coils: (A) PGFS-(NADP++PGD2) and (B) PGFS-(NADPH+rutin). (C) Schematic illustration
showing possible hydrogen bonds in the active site of PGFS-(NADPH+rutin). W’s represent water molecules. The thick dashed line
represents a safety-belt hydrogen bond. The hydrogen bond network of PGFS-(NADP++PGD2) is the same as that of PGFS-(NADPH+rutin)
except for the involvement of rutin. For PGD2, the carbonyl O11 hydrogen bonds with Y55 and H117, and the other sections of the molecule
are not involved in a hydrogen bond with PGFS.

Crystal Structure of Human Prostaglandin F Synthase Biochemistry, Vol. 43, No. 8, 20042193



DISCUSSION

PGSF Has a RelatiVely Large ActiVe Site CaVity. Crystal
structures of the PGFS-(NADP++PGD2) complex and the
PGFS-(NADPH+rutin) complex have been determined in
this study. Despite the significant difference between the
structures of PGD2 and rutin, the structures of PGFS in the
PGFS-(NADP++PGD2) and PGFS-(NADPH+rutin) com-
plexes are quite similar. The rmsd of CA positions between
the two structures is 0.23 Å, and all side chains are
superimposable except those of W227 and F306, suggesting
that the active site cavity of PGFS is relatively large so that
various molecules can fit into the active site and, thus, the
catalytic specificity of PGFS should be very broad. Indeed,
PGFS catalyzes reduction and/or oxidation reactions of
p-nitrobenzaldehyde, 9,10-phenanthrenequinone, phenyl-
glyoxal, p-nitroacetophenone, hydrindadantin, menadione,
5â-dihydrotestosterone, 5â-androstane-3R,17â-diol, 5â-an-
drostan-17â-ol-3-one, and 5â-androstane-3,17-dione (14, 23,
24, 53).

PGD2 and Rutin Are InVolVed in Similar Hydrogen Bonds
with PGFS.As shown in Figure 6, the cyclopentane moiety
of PGD2 and the catechol moiety of rutin are roughly

superimposable. O11 of PGD2 and O13 of rutin are involved
in the same hydrogen bonds with OH of Y55 and NE2 of
H117. However, as shown in Figure 7, the exact hydrogen
bond schemes are different because O11 of PGD2 is a
carbonyl oxygen while O13 of rutin is a hydroxyl oxygen.
OH of Y55 is a hydrogen bond donor in the OH‚‚‚O11

hydrogen bond and participates in two hydrogen bonds in
the PGD2 complex, while in the rutin complex, OH is a
hydrogen bond acceptor in the OH‚‚‚O13 hydrogen bond and
participates in three hydrogen bonds. This alternative hy-
drogen bonding is possible because the adjacent O12 hydroxyl
group of the catechol moiety of rutin can be involved as a
hydrogen bond acceptor of OH of Y55. O12 also hydrogen
bonds to a water (W66), which is connected to the phosphate
moiety of the nicotinamide mononucleotide by a hydrogen
bond. In the PGD2 complex, a water (W96) is located at the
same site and is involved in a hydrogen bond with the
phosphate, but does not interact with the bound PGD2. In
addition to the catechol moiety interactions, the rhamnose
moiety of the bound rutin interacts with PGFS and the bound
NADPH. Rutin would be a potent inhibitor because it can
bind tightly to the active site, considering the hydrogen
bonding capability of rutin in the active site of PGFS. As

FIGURE 5: Detailed catalytic site geometry: (A) PGFS-(NADP++PGD2) and (B) PGFS-(NADPH+rutin). Portions of PGFS, NADP+/
NADPH, and PGD2/rutin are colored aquamarine, light pink, and magenta, respectively.
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will be discussed below, when PGD2 enters the active site,
the essential section (>C11dO11) for the catalytic reaction
binds tightly to the enzyme via two hydrogen bonds
(O11‚‚‚OH[Y55] and O11‚‚‚NE2[H117]). Then, the bound
PGD2 is reduced by a direct hydride transfer from NADPH
to C11 and protonation of O11; the electron configuration of
C11 is changed from sp2 to sp3, and consequently, the two
hydrogen bonds (NE2-H[H117]‚‚‚O11-H‚‚‚OH[Y55]) weaken
or break because the O11 moves substantially. Thus, PGD2

is a good substrate because after the catalytic reaction the
product 9R,11â-PGF2 can leave easily from the active site.

Comparison between PGFS and AKR1C1 (20R-HSD) or
AKR1C2 (3R-HSD Type 3).PGFS, AKR1C1, and AKR1C2

are all composed of 323 amino acid residues. The amino
acid sequences of AKR1C1 and AKR1C2 are almost
identical (i.e., only seven amino acid residues are different).
The amino acid sequence of AKR1C3 (PGFS) differs from
that of AKR1C1 at 39 sites and that of AKR1C2 at 42 sites.
As shown in Table 2, the major differences are seen in the
loop sections (30 and 31 amino acid residues are different
from those of AKR1C1 and AKR1C2, respectively). Nev-
ertheless, the structure of PGFS can be superimposed on the
equivalent CA positions of AKR1C1 (50) and AKR1C2 (51,
52) with rmsds of 0.88 and 0.75 Å, respectively (Figure 8).
In particular, theRâ barrel base of PGFS is nearly identical
to those of AKR1C1 and AKR1C2. The amino acid residues

FIGURE 6: Superimposed view of the substrate (PGD2) in the PGFS-(NADP++PGD2) structure and the inhibitor (rutin) in the PGFS-
(NADPH+rutin) structure showing that the cyclopentane ring of PGD2 and the phenyl ring of rutin approximately overlap. The two tails
of PGD2 are located over the glucose and rhamnose moieties of rutin.

FIGURE 7: Schematic illustration showing possible hydrogen bond donors and acceptors. The numbers along the dashed lines are O‚‚‚O or
O‚‚‚N hydrogen bond distances. Also, C4[NADP]‚‚‚C11[PGD2]/C13[rutin] distances are given.
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involved in interactions with the cofactor are also highly
conserved except for residue 222. AKR1C1 and AKR1C2
have histidine at residue 222, in contrast to glutamine in
PGFS. Because of steric hindrance of the imidazole ring of
H222, a characteristic safety-belt hydrogen bond over the
bound cofactor is lacking in the AKR1C1 and AKR1C2
structures. The bound NADP in the PGFS structure is held
in place by the safety-belt hydrogen bond (NZ[K270]‚‚‚OE1-

[Q222]), which is found in most members of the AKR
superfamily (54-56).

The main chains of large loops 4, 7, and 9 of PGFS
slightly, but significantly, deviate from those of AKR1C1-
(NADP++progesterone) (50) and AKR1C2-(NADP++ur-
sodeoxycholate) complexes (51). The largest deviation is
observed between residues 305 and 313 in loop 9. If a rutin
molecule binds to either AKR1C1 or AKR1C2, obvious
collisions would occur in several sections (residues 118, 129,
222, 224, and 308). The amino acid residues of PGFS in
these sections are all replaced with smaller residues (F118
f S118, I129f S129, H222f Q222, E224f D224, and
L308 f S308). Interestingly, if either progesterone or
ursodeoxycholate binds to PGFS as observed in the structures
of AKR1C1-(NADP++progesterone) and AKR1C2-
(NADP++ursodeoxycholate) complexes (50, 51), these
steroids would fit well in the active site of PGFS without
any critical short contacts. This is consistent with the fact
that PGFS can accommodate various compounds in the active
site and can catalyze reduction and/or oxidation reactions
as described above. AKR1C1 and AKR1C2 have relatively
narrow substrate specificities, whereas PGFS (AKR1C3) has
a relatively broad substrate specificity, although the main
chain structure is quite similar to those of AKR1C1 and
AKR1C2. Apparently, the broad substrate specificity of
PGFS is due to the mutations in the loop sections.

Proposed Catalytic Mechanism.All AKRs follow a
sequential ordered bi-bi mechanism in which the cofactor
binds first and leaves last (57). The binding and release of
the cofactor are proposed to be the rate-determining steps
for the overall catalysis of aldehyde and aldose reductases
(58). In the structure of PGFS, indeed, the cofactor NADPH
binds deeply in the cavity and the substrate PGD2 is located
above the cofactor, indicating that the catalytic mechanism
is a sequential ordered bi-bi mechanism in which NADPH
binds first. The conformational rearrangements associated
with the formation and disruption of the safety belt upon
cofactor binding and release are suggested to be the slowest
step of the reaction (58).

In the crystal structures of PGFS-(NADP++PGD2) and
PGFS-(NADPH+rutin), the cyclopentane ring of PGD2 and
the phenyl ring of rutin are nearly parallel to the nicotinamide

FIGURE 8: Superimposed view of PGFS, AKR1C1, and AKR1C2 showing the similarity of three AKR enzymes. The CA atoms of AKR1C1
and AKR1C2 were superimposed on the corresponding CA atoms of PGFS by a least-squares method. The nearly identicalR/â barrel base
structure is shown with ribbon drawings, while the loop sections of PGFS, AKR1C1, and AKR1C2 are depicted as magenta, white, and
yellow coils, respectively. The different amino acid sites of PGFS, AKR1C1, and AKR1C2 are represented with red, black, and blue spots
with the amino acid residue numbers, respectively.

Table 2: Amino Acid Sequences of Nine Loops in PGFS along
with Those of AKR1C1 and AKR1C2a

a Red residues are different from the residues in the same position
in the other proteins.
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ring of NADP and face there-side of the nicotinamide ring.
The distances, C4[NADP+]‚‚‚C11[PGD2] and C4[NADPH]‚
‚‚C13[rutin], are 3.6 and 3.5 Å, respectively. These geo-
metrical features suggest that a direct hydride transfer from
NADPH to PGD2 would be a reasonable catalytic mecha-
nism. The hydride transfer is facilitated by protonation of
the carbonyl O11 of PGD2 from either H117 or Y55, each of
which is involved in hydrogen bonds with the carbonyl
oxygen (O11). As shown in Figures 5 and 7, ND1 of H117 is
involved in a hydrogen bond with a well-defined water (W2)
in a water channel, indicating that H117 is exposed to solvent
and thus the protonation or deprotonation of the imidazole
ring of H117 is influenced by the pH of the environment.
H117 would be protonated below pH 6, while it would be
neutral above pH 7. Therefore, it would be an ideal proton
donor in a slightly acidic environment.

OH of Y55 is involved in hydrogen bond networks with
K84 which is salt-linked to D50 (Figures 5 and 7). These
residues, including H117, are essential for HSD catalysis and
are known as the catalytic tetrad (59). The tetrad, which is
highly conserved throughout the AKR superfamily, has an
identical spatial arrangement relative to the nicotinamide ring
of NADP in the complexes of AKR1C2 (57). Schelegelet
al. (59) have determined that Y55 acts as a general acid and
base in the AKR1C2 catalysis. A mutation study indicates
that the Y55F mutation completely eliminates the PGD2,
PGH2, and PQ reductase activities of PGFS (18). Therefore,
PGFS would be able to use Y55 as the general acid to donate
a proton to O11 of PGD2 in a slightly basic environment.
PGFS has an appreciable reduction activity (PGD2 f 9R,-
11â-PGF2) over a wide pH range [from pH 6 (26) to 9 (27)].
Similarly, the oxidation activity (9R,11â-PGF2 f PGD2) has
been detected from pH 7.4 to 10 (26, 27). These results
indicate that PGFS is capable of catalyzing the reduction
and oxidation reactions over a rather wide pH range, which
is supported by the presence of two general acid or base
residues in the catalytic site.

CONCLUSION

Human lung PGFS is human AKR1C3, and its amino acid
sequence and three-dimensional structure are very similar
to those of AKR1C1 and AKR1C2. However, the active site
of PGFS is designed to accommodate various compounds,
while those of AKR1C1 and AKR1C2 are designed to
distinguish the substrates. PGFS has two possible general
acid residues (H117 and Y55) which facilitate the direct
hydride transfer from NADPH to PGD2. A natural com-
pound, rutin, can bind tightly to PGFS with polar and
nonpolar interactions, and inhibits substrate binding (i.e., it
is a competitive inhibitor).
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